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Introduction
The extracellular matrix (ECM) is one of the most important regulators of cellular and tissue function in the body. Tightly controlled ECM homeostasis is essential for development, wound healing and normal organ homeostasis, and sustained dysregulation can result in life-threatening pathological conditions. The importance of correct biochemical and biophysical ECM properties on the regulation of cell and tissue homeostasis is illustrated by the fact that the ECM is dysregulated in many different types of disease. In this Perspective, we focus on how ECM composition and remodeling is now thought to be crucial for tumorigenesis and metastatic progression in cancer, as well as how disruption of normal ECM homeostasis leads to fibrotic diseases such as pulmonary fibrosis, systemic sclerosis, liver cirrhosis and cardiovascular disease. We also discuss recent progress in developing physiologically relevant qualitative and quantitative models, as well as advancements in technologies that enable accurate monitoring, imaging and quantification of the ECM. Together, these technologies will help us dissect both the spatial and temporal dynamics of ECM homeostasis, and promote our understanding of the underlying mechanisms that influence cell-ECM interactions in the context of multiple disease types. Finally, we close by examining how recent advances in this field might allow targeting of the ECM to provide new therapeutic approaches for treating fibrotic diseases and cancer.
ECM composition and function

Matrix components
The ECM is defined as the diverse collection of proteins and sugars that surrounds cells in all solid tissues. This tissue compartment provides structural support by maintaining an insoluble scaffold, and this in turn defines the characteristic shape and dimensions of organs and complex tissues. The ECM is mainly composed of an intricate interlocking mesh of fibrillar and non-fibrillar collagens, elastic fibers and glycosaminoglycan (GAG)-containing non-collagenous glycoproteins (hyaluronan and proteoglycans). Although the ECM has historically been perceived as fulfilling a primarily structural and hence biomechanical role, the ability of the ECM to provide the contextual information responsible for controlling both individual and collective cellular behavior has been increasingly recognized in recent years.
Following intracellular synthesis, ECM components are secreted into the interstitial matrix that surrounds and supports cells, and is the main provider of structural scaffolding for tissue. This matrix also plays a key role in protecting cells by acting as a compression buffer when tissues are subjected to deforming stresses. The interstitial matrix found in most but not all tissues consists mainly of the fibrous collagen type I, which, together with fibronectin, confers mechanical strength to tissues (Erler and Weaver, 2009) . Although collagens are collectively the most abundant component of the ECM, the differential expression of individual interstitial ECM components underpins the specific functions of many organs and tissues. For example, chondroitin sulfate, a sulfated GAG that is usually found attached to proteins as part of a proteoglycan, is highly expressed in the ECMs of connective tissues such as cartilage, tendons, ligaments and major arteries, where it helps to maintain the structural integrity of the tissue. By contrast, secreted protein acidic and rich in cysteine (SPARC), a matricellular glycoprotein that was initially termed osteonectin, was originally identified in bone, where it binds collagen and Ca
2+
, initiating nucleation during bone mineralization (Termine et al., 1981) . However, SPARC has also been shown to be secreted by non-epithelial cells in non-ossifying tissues (Sage et al., 1984) during both development and tissue repair, where it mediates ECM remodeling and turnover, and cell-ECM interactions (Engel et al., 1987; Sage et al., 1989; Funk and Sage, 1991; Lane and Sage, 1994; Murphy-Ullrich et al., 1995; Chlenski and Cohn, 2010) . External mechanical loading of tissues can also modulate ECM composition in some tissues. For example, in situations in which mobility is impaired, there is a decrease in the proteoglycan content of articular collagen and in bone mineral density, but these increase with exercise (Bird et al., 2000; Rittweger et al., 2006; Rittweger et al., 2009) , suggesting that ECM composition is modulated by both intrinsic and extrinsic stimuli.
In addition to the interstitial matrix, extracellular basement membranes (BMs) are a specialized form of sheet-like ECM to which epithelial cells can anchor and which interact directly with the epithelium and endothelium. These membranes mainly consist of collagen IV, laminins, entactin (also known as nidogen) and heparan sulfate proteoglycans (Erler and Weaver, 2009 ). BMs play a key role in epithelial cell function, providing cues for orientation that help to establish and maintain apicobasal polarity and cell differentiation.
The ECM serves many functions in addition to providing structural support. Macroscopically, the ECM physically segregates cells and organs and acts as a protective cushion -for example, by regulating hydrostatic pressure within tissues and organs. At the microscopic level, this highly dynamic molecular network is also capable of regulating cellular behavior through modulation of, among other things, proliferation, cytoskeletal organization, cellular differentiation and receptor signaling (Paszek and Weaver, 2004; Kass et al., 2007) . Such 'outside-in' biochemical signaling mechanisms rely on the precise spatial organization of ECM ligands to integrate complex signals in a regulated manner (Hynes, 2009) . The biophysical properties of the matrix also regulate cellular mechanosensory pathways -through global substrate rigidity (a phenomenon defined as mechanotaxis or durotaxis) (Lo et al., 2000; Wong et al., 2003; Hadjipanayi et al., 2009) or extracellular tension (known as tensotaxis) (Beloussov et al., 2000) -that prompt cells to detect and respond to changes in tissue biomechanics (Yu et al., 2010) . In addition, the ECM also sequesters and hence acts as a 'local depot' for a wide range of growth factors and cytokines. For example, tissue injury can trigger protease activities, leading to a rapid release of signaling molecules [such as transforming growth factor- (TGF) (Wipff et al., 2007; Wells and Discher, 2008) ], which in turn allows a swift and local growthfactor-mediated activation of cellular functions without de novo synthesis.
Structure and mechanical function
Functionally discrete tissues and organs have markedly distinct biomechanical properties (Fig. 1) , which are subject to change during the course of development or during pathogenesis (Butcher et al., 2009 ). The biomechanical properties of the ECM are tightly controlled by the specific composition and concentration of matrix components, and also by post-translational modifications, such as glycosylation, transglutamination and cross-linking (Erler and Weaver, 2009) .
Collagen cross-linking occurs in both a regulated and nonregulated manner, typically via enzyme-mediated or non-enzymemediated processes, respectively. Regulated collagen cross-linking is almost exclusively mediated by lysyl oxidase (LOX) and the LOX family of secreted amine oxidases (Csiszar, 2001; Kagan and Li, 2003) , and primarily occurs during developmental processes and wound healing. LOX family members catalyze the cross-linking of collagens (and elastin) through oxidative deamination of lysine residues. The importance of correct LOX expression and the resulting collagen cross-linking is exemplified by the fact that LOX-knockout mice die at birth due to The biomechanical properties of a tissue in terms of stiffness (elastic modulus), measured in pascals (Pa), vary markedly between organs and tissues, and are inherently related to tissue function. Mechanically static tissues such as brain or compliant tissues such as lung exhibit low stiffness, whereas tissues exposed to high mechanical loading, such as bone or skeletal muscle, exhibit elastic moduli with a stiffness that is several orders of magnitude greater. Tumorigenesis is typically associated with an increase in matrix and tissue stiffness, as in breast cancer. Adapted, with permission, from Butcher et al. (Butcher et al., 2009 ).
collapse of their lethally fragile diaphragm and cardiovascular system (Maki et al., 2002; Hornstra et al., 2003) . Clinical manifestations of reduced LOX activity (which can result from nutritional copper assimilation deficiencies) are also seen in two X-linked recessively inherited disorders: Menkes disease and occipital horn syndrome (OHS) (Royce et al., 1980; Kaler et al., 1994) . Osteolathyrism is another collagen cross-linking deficiency, and is brought on by chronic ingestion of Lathyrus sativus, a plant that is rich in the LOX inhibitor -aminopropionitrile (BAPN). Conversely, elevated LOX activity levels are clinically associated with increased fibrosis and can be detected in the sera of patients with liver cirrhosis (Murawaki et al., 1991; Kagan, 1994; Kagan, 2000) . Chronic increases in the level of circulating LOX have also been shown to increase collagen cross-linking and result in stiffening of heart tissues, compromising cardiac function (Sivakumar et al., 2008) . Non-enzymatic collagen cross-linking usually occurs through glycation (Schnider and Kohn, 1980) and transglutamination , or as a result of increased biglycan and proteoglycan levels (Wiberg et al., 2003) . Such collagen cross-linking acts to stiffen the ECM, although this process occurs much more slowly than its enzymatic alternative (Avery and Bailey, 2006) . However, structural ECM proteins exhibit a remarkable longevity in vivo, often measured in years as opposed to hours for intracellular proteins: types I and II collagen in human skin, articular cartilage and intervertebral disc exhibit 15-, 95-and 117-year half-lives, respectively (Verzijl et al., 2000; Sivan et al., 2008 ). On such a timescale, glycationmediated collagen cross-linking becomes important and is thought to play a key role in many age-associated diseases, including degenerative eye disease, pulmonary fibrosis, arterial stiffening and cardiovascular disease, and neurodegeneration; such manifestations are increasingly accelerated in diabetes patients who exhibit chronically elevated bloodglucose levels (Bunn et al., 1978; Frank, 1991; Vitek et al., 1994; Sasaki et al., 1998; Glenn and Stitt, 2009) .
At a microscopic level, the precise organization and orientation of ECM components creates a highly organized topology that contributes to the functional properties of the matrix (Paszek and Weaver, 2004; Kass et al., 2007) . Although it was previously assumed that the ECM was a static structure that changed only in response to growth or repair, it is now known that the microscopic topology of the ECM is determined by continuous dynamic remodeling, even while macroscopic topology remains mostly unchanged. Such remodeling is regulated by a careful balance between matrix synthesis, secretion, modification and enzymatic degradation. ECM components are degraded by matrix-degrading enzymes, including heparanase, cathepsins, hyaluronidases, matriptases, various serine and threonine proteases (Roycik et al., 2009) , and the large superfamily of metzincins, which includes ADAMs (a disintegrin and metalloproteinases), ADAMTSs (ADAMs with thrombospondin motifs), and matrix metalloproteases (MMPs) and their inhibitors [tissue inhibitor of MMPs (TIMPs)] (Mott and Werb, 2004) . The tightly controlled ECM homeostasis is sensitive to altered expression of these proteases, which, if altered for prolonged periods of time, can result in excessive ECM remodeling, as is frequently observed in both fibrotic diseases and cancer (see later) (Wynn, 2007; Butcher et al., 2009) . Changes in matrix homeostasis affect not only the biochemical properties of the matrix but also the resulting biophysical properties, both of which are crucial for development and normal tissue function.
Cell-ECM interactions
Cellular responses are tissue and context dependent in terms of both biochemical and biomechanical cues Yu et al., 2010) . Hence, understanding the complex processes surrounding ECM production, modification and remodeling, and relating these processes to physiological changes in the biochemical and biomechanical properties of the ECM, are key to determining how microenvironmental changes influence cellular responses. These considerations are especially important in the development of antifibrotic and anti-cancer therapies, which might be able to target aspects that are dysregulated in both types of disease.
Biochemical cues
Correct ECM composition and organization is important for normal cellular behavior. An excellent example of this is the biochemical orientational cues provided to cells by the BM. BMs are responsible for maintaining apicobasal polarity of epithelial cells and have organspecific compositions. Changes in biochemical BM composition can lead to changes in the physical properties of the BM and hence to changes in cellular shape and behavior, which, in turn, can drive cell proliferation and tumorigenesis by inducing alterations in the binding activities or spatial distribution of cell-surface receptors (Roskelley et al., 1995; Giancotti and Ruoslahti, 1999; Schwartz and Baron, 1999) (for a review, see Radisky et al., 2001) . Although for many years it was thought that loss of apicobasal polarity caused by BM disruption was a secondary consequence of oncogenic transformation, later investigations of Drosophila mutants have shown that the loss of polarity determinants might in fact be a driver of tumorigenesis (Bilder et al., 2000) . Because more than 80% of human cancers are derived from epithelia, the contextual biochemical environmental components of tumor initiation and progression are a crucial part of finding commonalities between seemingly distinct tumor types. Notably, some hematological tumors arise from defects in bone marrow stroma that lead to an abnormal microenvironment, which is thought to contribute to tumorigenesis and drive tumor progression, providing an example of how ECM changes might promote non-epithelial malignancies (Dror and Freedman, 1999; Michigami et al., 2000) .
Biomechanical cues
Recent research has focused on how perturbations in ECM stiffness can affect the behavior of tissue cells. This issue has gained substantial importance in light of evidence that the biomechanical properties and, in particular, the nature and tensional force of the three-dimensional (3D) matrix in vitro can have important implications for cellular behavior and might act synergistically with biochemical cues to modulate cell and tissue behavior. For example, increasing matrix stiffness through increasing collagen concentration enhances Rhogenerated cytoskeletal tension to promote focal adhesion (FA) assembly and increase growth-factor-dependent ERK activation (Paszek et al., 2005) . Mammary epithelial cells (MECs) grown within reconstituted BM (Matrigel) form polarized mammary acini and differentiate in response to lactogenic hormones in a manner that recapitulates the in vivo situation ( Fig. 2) (Barcellos-Hoff et al., 1989) . Transformation events trigger cells to invade the acini lumen (Weaver et al., 1996) , and thus the system can be used to model tumorigenesis. Studies have shown that transformation can be induced by increasing BM matrix stiffness [from 170 pascals (Pa) to 1200 Pa], without altering biochemical composition, and is regulated through integrin-and Rho-kinase-mediated signaling events. These mechanical alterations lead to increases in cell growth, loss of polarity, increased FA contacts, and activation of focal adhesion kinase (FAK), vinculin and p130CAS, as well as a compromised cell-cell junction integrity that impedes lumen formation (Paszek et al., 2005) .
Gene expression studies of mesenchymal stem cells plated onto matrices of different compliances have shown that matrix stiffness can drive cellular differentiation down alternative lineages (Engler et al., 2006; Discher et al., 2009 ). In addition, altered expression of more than 1500 genes with diverse functions has been observed in human mammary epithelial cells (HMECs) in response to perturbations in matrix stiffness (Alcaraz et al., 2008) . Furthermore, microarray studies showed that gene expression changes that are typically associated with cardiovascular disease occur in cells of the ascending aorta in response to changes in arterial stiffening (Durier et al., 2003) .
In summary, biochemical and biophysical cues from the ECM directly influence cells in multiple ways, from transcription and cell-cycle control to differentiation, migration and cell-cell interactions. These cues and the cellular responses to them are directly modulated by ECM composition, structure and organization. As discussed in the following sections, investigating precisely how different ECM cues are generated and, in turn, how they induce cellular responses in both normal and pathological environments will greatly help our understanding of disease progression.
Studying the ECM
The microenvironmental conditions that cells find themselves in are key regulators of disease progression. Cells continuously adapt to their environment by modifying their behavior but also by remodeling their microenvironment. Therefore, to investigate cell-ECM interactions and gain an understanding of their role in diseases such as cancer and fibrosis, it is necessary to develop and apply biomimetic model systems that accurately recapitulate the physiological aspects of the ECM and the cell-ECM interface.
In vitro versus in vivo approaches
Almost all cells in the human body grow within organized 3D matrices that are surrounded by other cells of both similar and distinct origin. However, most cell culture experiments are performed with monocultures under 2D adherent conditions. It is well established that cells grown in a 3D tissue context are under different mechanical and microenvironmental conditions, and it is the complex summation of these multiple signals that determines whether cells undergo processes such as differentiation, apoptosis, proliferation and invasion. In 2D monocultures, many of these complex interactions are completely lost and the 'organ context' is ignored, resulting in the conflicting reports on cellular response that we so frequently see regarding phenotype, cellular signaling, migration and drug response. Over the last decade it has become increasingly apparent that cells must be cultured in a physiologically relevant topographical context if they are to respond in a physiologically relevant manner to signaling molecules (Weaver et al., 1996; Weaver et al., 1997; Muthuswamy et al., 2001) , so that both the environmental biochemical and biomechanical cues mimic the in vivo situation.
There are currently numerous 3D and quasi-3D in vitro systems in which cells can be grown on or within 3D matrices. The matrix components, matrix remodeling and matrix stiffness can be manipulated to perturb cellular behaviors, including survival, differentiation, migration and invasion. However, most conventional 3D cultures are often performed in large multi-well plates in which volumes and dimensions necessitate large numbers of cells. Thus, there is still the issue of whether these macro-culture systems provide an appropriate cellular context in which to study environmental cues.
Despite advances in cell culture methodologies, it must also be considered that effects of the matrix on connective tissue flow (the movement of molecules through tissues) at both micro-and macroscopic scales can also perturb the spatial distribution of oxygen, metabolites and other signaling molecules. Consequently, even sophisticated 3D in vitro models might not represent the physiological conditions found in vivo (Schmeichel and Bissell, 2003; Pampaloni et al., 2007; Yamada and Cukierman, 2007) . Gradients of biological molecules are commonly found in tissues, and are modulated by vasculature and angiogenesis, but also both directly and indirectly by the ECM. Gradients of oxygen and the diffusion of oxygen to cells are major determinants of cell survival in 3D cultures (Derda et al., 2009 tumor receive more nutrients and oxygen, are more metabolically active, and are more likely to undergo active proliferation and invasion than those closer to the tumor core. This diversity in the tumor microenvironment probably contributes to the high heterogeneity of tumor cell populations in vivo (Vaupel et al., 1989) , and is difficult to reproduce in vitro.
It is certain that the best way to accurately study the involvement of cell-ECM interactions in disease is in vivo. Mouse models of disease have provided great biochemical insight into the mechanisms behind numerous diseases, including fibrosis and cancer progression (discussed later). However, many in vivo studies focus primarily on manipulations of cellular aspects, rather than of the ECM directly. Methodological limitations generally preclude the experimental perturbation of ECM structure in vivo and, as such, most ECM manipulations are induced indirectly and provide a limited ability to precisely control the biochemical and biomechanical changes. Examples include the manipulation of matrix cross-linking by modulating LOX expression and/or activity (Erler et al., 2006; Levental et al., 2009) , or influencing ECM degradation by knocking out MMPs or by manipulating TIMP expression or activity (Sternlicht and Werb, 2001; Egeblad and Werb, 2002) . Many in vivo approaches also require sophisticated and sensitive imaging and quantification techniques to maximize the information that can be obtained regarding the dynamics of cell-ECM interactions (discussed below).
Through carefully combining 3D in vitro and in vivo models, it has been possible to dissect many aspects of cell-ECM interactions. This approach has enabled investigations of the proteins that are involved in cell-ECM interactions, of the role of mechanosensing and signal transduction pathways, and of the effects on cell cycle, behavior, phenotype, migration and invasion (for a review, see Kumar and Weaver, 2009 ).
Manipulating and measuring changes in the ECM
To study the effects of the ECM on cellular behavior in vitro in a meaningful way, it is necessary to manipulate and quantify the biochemical and biomechanical properties of the ECM in a controlled manner. Matrix stiffness, for example, can easily be modulated in vitro by overlaying a thin layer of matrix on either tunable polyacrylamide (Wong et al., 2003; Paszek et al., 2005; Levental et al., 2009) or polydimethylsiloxane (PDMS) (Cortese et al., 2009) substrates of a specific pre-defined stiffness. Matrix stiffness can also be modulated in vitro through modulating the in situ cross-linking of native ECM components (Butcher et al., 2009 ) either enzymatically, using LOX ) and LOX family proteins (Barry-Hamilton et al., 2010), or through non-enzymatic reactions such as glycation using ribose or glucose (Paszek et al., 2005; Erler et al., 2006; Kass et al., 2007; Levental et al., 2009) . ECM properties can also be similarly modulated in vivo, to some extent, either through overexpression of cross-linking enzymes, such as LOX, or by inhibition of matrix-degrading enzymes (Erler et al., 2006; Ahn and Brown, 2008; Levental et al., 2009 ). Processes such as fibrosis can be induced using irradiation or other agents, such as bleomycin to induce pulmonary fibrosis and carbon tetrachloride or dimethylnitrosamine to induce liver fibrosis. These treatments induce rapid inflammatory and fibrotic responses in target organs, leading to increased ECM deposition and remodeling that mimic pathological progression of the disease. Such approaches have greatly facilitated the identification of key players that mediate fibrotic disease progression (Kagan, 1994; Ebihara et al., 2000; Friedman, 2004; Pardo and Selman, 2006; Iredale, 2007) .
The quantitative assessment of ECM properties is a requirement if the functional effects of complex remodeling processes are to be understood. Changes in matrix composition and stiffness can be measured in vitro, in vivo and ex vivo. Common methods include staining tissues for biochemical markers by immunohistochemistry or immunofluorescence to characterize changes in ECM composition. In addition, histological methods such as the use of Masson's trichrome and picrosirius red to stain collagens can be used to examine collagen structure and quantify collagen linearization and orientation (Levental et al., 2009 ) (see Fig. 3 ). Although such standard procedures can provide highly informative data on matrix changes during development and disease progression, they give only a static snapshot of the ECM and cannot capture its complex dynamics. To address this limitation, specialist techniques [such as echocardiography and sonoelastography (using sound) and second harmonics imaging (SHG; using light) with two-photon microscopy of whole tissues ex vivo and in vivo] can be used to analyze the ECM, particularly the collagen structure, and quantify collagen linearization in a non-invasive manner (Levental et al., 2009) . Similarly, these techniques have been used to monitor the interactions of epithelial and stromal cells with tumors, as well as the initiation of collagen remodeling (Brown et al., 2003; Condeelis and Segall, 2003; Perentes et al., 2009; Wolf et al., 2009) . Most important, however, is the ability to monitor events on a temporal scale rather than relying on endpoint assays to help understand both ECM dynamics and the resulting cellular behavior. Recent work by Giampieri et al. involving non-invasive intravital SHG imaging identified the paradigmatic role of TGF during the intermediate steps of tumor progression. This work highlights how temporal switches in TGF expression induced by local microenvironmental cues can dramatically affect cell migration, intravasation into blood and lymphatics systems, and colonization of secondary sites (Giampieri et al., 2009 ).
Techniques such as atomic force microscopy (AFM) can be used to generate extremely high-resolution images of ECM structure (Graham et al., 2010) and, with the upcoming force-mapping modality experiments that many atomic force microscopes are capable of, local force measurements can be taken to evaluate matrix elasticity and stiffness at the micron scale. Non-destructive tissue AFM can be carried out on standard cryosections in a manner that preserves biomolecular structure and allows visualization of both intra-and extracellular structure at a micro-to nanometer resolution. Owing to the nondestructive nature of the technique, experimental intervention can be applied both pre-and post-imaging and, more importantly, it allows the combining of ultrastructural imaging with current clinicopathological microscopy techniques (Graham et al., 2010) .
Also of interest are the viscoelastic (i.e. time-dependent) properties of tissues and matrix at the cellular level. Shear rheology is a standard technique used for measuring ECM and tissue stiffness at the macroscopic level. At its simplest, this approach measures torsional stress and strain, from which it is possible to calculate the elastic modulus (in Pa) as a function of strain rate. At the same time, measurements of mechanical compression and nano-indentation (a commonly applied means of testing the mechanical properties of materials by indenting the test material with a diamond tip while measuring the force-displacement response) can also provide highresolution measurements of matrix and tissue elasticity, because nano-
Disease Models & Mechanisms
169
Matrix and disease PERSPECTIVE indentation can achieve lateral resolutions of ~15 m (Akhtar et al., 2009b) . However, a common problem with all of these techniques is that the method of interrogation can greatly affect outcome, so careful experimental design must be implemented; stiffness values are typically calculated as a function of experimental measurements and depend precisely on how and which variables are measured.
Although the techniques described above provide accurate and useful quantitative data on the biomechanical properties of matrix and tissue, most are generally considered invasive and/or destructive methodologies (Gueta et al., 2006) . Hence, there is a need to develop methods to measure elastic properties and stiffness of tissues and matrix in a noninvasive manner for clinical application. The elastic properties of tissues is one of the elements that provides the image contrast in technologies such as magnetic resonance and ultrasound elastography, which are routinely used in the clinic (Barbone and Bamber, 2002) . For example, clinical in vivo imaging of malignant breast tumors tend, on elastography, to appear stiffer than benign breast tumors; in particular, a halo of stiffer tissue is frequently observed at the tumor margin (invasive) edge of the tumor (Jeff Bamber, personal communication). These observations can prove invaluable in helping to guide treatment regimens at the bedside. At the bench, however, science seeks to quantify such observations to increase our understanding of how tissue biomechanics are related to disease progression.
New technologies based on fluorescence resonance energy transfer (FRET) (Jiang et al., 2004) , magnetic resonance imaging (MRI), positron emission tomography (PET) and single photon emission computed tomography (SPECT) (for a review, see Scherer et al., 2008a) are being developed to image the dynamic status of ECM remodeling, including visualization of MMP activity (Scherer et al., 2008b; Littlepage et al., 2010) . Similarly, advances in -ultrasound, optical coherence tomography (OCT), optical acoustic microscopy and scanning acoustic microscopy (SAM) (Akhtar et al., 2009a) are currently under development to facilitate quantitative measurement and imaging of stiffness at the microscopic scale (Jeff Bamber, personal communication) (Low et al., 2006) . In addition, increasing the resolution and versatility of many of the above techniques will be possible with improved contrast agents, such as so-called 'smart probes' , which are MRI contrast agents that can be used to study ECM components (Spuentrup et al., 2005; Stracke et al., 2007; Miserus et al., 2009) , soluble proteins such as growth factors and MMPs (Tsien, 2005; Scherer et al., 2008a; Scherer et al., 2008b) , specific immune-or tumor-cell populations (Reynolds et al., 2006; Korosoglou et al., 2008; McAteer et al., 2008; Radermacher et al., 2009) , and even physiological conditions such as hypoxia (Fig. 4) (McPhail and Robinson, 2010) . These contrast agents are typically highly selective, specific and undergo enhanced activation on interacting with their target. In summary, new techniques that image the dynamics of cell-ECM interactions to noninvasively quantify remodeling of the ECM at the sub-millimeter level -and, more importantly, on a temporal scale -will ultimately provide additional resources for basic research and in the clinic.
The ECM and disease
The highly dynamic nature of the ECM plays a crucial role in disease progression. The ECM is essential for normal wound healing processes, but excessive deposition -as is observed in the case of fibrotic and degenerative diseases -can lead to organ dysfunction. Similarly, the ECM plays a key role in the development of cancer, modulating processes such as tumor cell invasion and metastasis, among others. In the sections below, we discuss how perturbations in normal cell-ECM interactions contribute to fibrotic diseases and cancer. We highlight how in vitro and in vivo models have helped to unravel the relationships between the biochemical and biophysical properties of the ECM and the physiological functions of cells and tissues during disease progression.
Fibrotic diseases
Tissue fibrosis is the result of abnormal responses to organ injury or to irritation, and is typically characterized by the hyperproliferation of fibroblasts, their differentiation into myofibroblasts, and excessive ECM synthesis and secretion. The increased ECM synthesis, assembly and subsequent cross-linking lead to altered biochemical and biomechanical matrix properties, compromising normal tissue function and further driving disease progression. It is becoming increasingly apparent that it is important to distinguish between increased amounts and increased concentrations of an ECM component in disease progression, as first highlighted in a study by Cattell and coworkers (Cattell et al., 1996) . In their study, aortic collagen and elastin concentrations increased with age, whereas the absolute amounts decreased. The authors attributed this discrepancy to the age-related differential loss of other tissue components. Consistently, in aged bone, skin and breast, there is reduced collagen deposition and increased MMP activity over time (Butcher et al., 2009 is probably associated with a disproportionate increase in inappropriate post-translational cross-linking and modification of ECM proteins, such as by glycation (discussed earlier). In fibrotic diseases such as pulmonary fibrosis, liver cirrhosis, cardiovascular disease and systemic sclerosis, evidence suggests that the constitutive activation of collagensecreting myofibroblast-like cells is ultimately responsible for increasing both collagen amount and concentration. In such cases, these cells can synthesize and secrete excessive ECM components, particularly collagens, leading to increased tissue stiffness and progressive organ dysfunction.
Variations in ECM composition substantially affect the biomechanical properties of a tissue, as is clearly seen in fibrotic diseases (Birk and Bruckner, 2005) . For example, elastin and collagen fibers form the main structural components of pulmonary connective tissue matrix, but their elastic properties are markedly different; the elastic modulus of collagen fibrils is in the region of 1200 megapascals (MPa), whereas that of elastin is closer to 1 MPa (Sherratt et al., 2003; Akhtar et al., 2009a) . Together, they form a continuous network in the lung that provides the forces necessary for passive recoil during expiration. During pulmonary fibrosis, increases in the amount and concentration of collagen lead to changes in tissue mechanics and particularly a loss of elastic properties, resulting in progressive dyspnea (shortness of breath) (for reviews, see Rocco et al., 2001; Suki and Bates, 2008) .
In pulmonary fibrosis, an important source of activated myofibroblast-like cells is circulatory fibrocytes, which are derived from bone marrow (Keeley et al., 2009) . Under normal situations, these fibrocytes extravasate into the lungs and promote wound healing together with resident mesenchymal cells. In mice, C-X-C chemokine receptor 4 (CXCR4) and C-C chemokine receptors 2 and 7 (CCR2 and CCR7) have been shown to mediate lung healing and fibrosis by recruiting these fibrocytes (Phillips et al., 2004; Moore et al., 2005; Strieter et al., 2007) . During hepatic cirrhosis, hepatic stellate cells provide the source of myofibroblast-like cells and have been shown to contribute to the fibrotic response that leads to portal hypertension and liver failure (Iredale, 2007) . In such situations, the balance of matrix production and degradation tips in favor of production, which can be facilitated by overexpression of TIMPs or loss of MMP expression, resulting in incomplete matrix remodeling and irreversible fibrosis (Issa et al., 2004) .
Inappropriate fibroblast activation can also manifest as other fibrotic diseases, such as systemic sclerosis (SSc). Fibroblasts experimentally explanted from fibrotic lungs or skin lesions of SSc patients have been shown to have a constitutively activated myofibroblast-like phenotype, further implicating this cell type as a principal cause of disease (Varga and Abraham, 2007) . In SSc, the constitutive activation of myofibroblast-like cells is thought to result from circulating auto-antibodies, connective tissue growth factor (CTGF) and interleukin-6 (IL-6) produced in response to viral infections (Markiewicz et al., 2004; Abraham and Varga, 2005; Hasegawa et al., 2005) . Autocrine TGF signaling and TGF-and SMAD3-independent mechanisms have also been implicated in fibroblast activation (Kaviratne et al., 2004; Moustakas and Heldin, 2005) . TGF is also involved in ECM remodeling accompanying arterial hypertension. Sustained hypertension results in structural and functional alterations in the ECM of the heart and vessels, which ultimately lead to progressive dysfunction. Local TGF levels are upregulated by activated macrophages and myofibroblasts in and around vessels; TGF then acts in an autocrine manner to promote fibroblastto-myofibroblast differentiation and activation, and further induce TGF production. This results in an increase in the production and secretion of interstitial collagens, fibronectin and proteoglycans, leading to excessive ECM deposition, tissue stiffening and ultimately scarring within the heart (Li et al., 1997; Denton and Abraham, 2001; Rosenkranz et al., 2002; Watanabe et al., 2005; Wynn, 2007) .
Cancer
Tumor development is a complex, dynamic and progressive process that involves both cellular and environmental cues. The tumor microenvironment is mechanically and biologically active and, more importantly, is dynamic, as is highlighted by the fact that it is continuously and progressively remodeled (Yu et al., 2010) . It is well known that interactions between cells and an altered microenvironment can drive malignancy. Conversely, tumor cells can manipulate their microenvironment to enhance their own survival, thereby creating a positive tumorigenic feedback loop. Thus, it has been proposed that, once established, tumors should be considered functionally discrete organs genotype can become phenotypically normal if the environmental context is appropriately manipulated, and there is increasing evidence that it might be possible to restore aggressive breast cancer cell lines to a near-normal phenotype by manipulating environmental cues and simultaneously inhibiting multiple signaling pathways . Thus, it is becoming increasingly clear that tumors should be studied in a physiologically relevant context.
It has long been known that tumor-derived ECM is biochemically distinct in its composition compared with normal ECM. Furthermore, reports have demonstrated that the tumor stroma is typically stiffer than normal stroma (~400 Pa compared with 150 Pa, respectively), and that breast cancer tissue can be tenfold stiffer than normal breast tissue (150 Pa versus 1.5 kPa, respectively) (Kass et al., 2007; Butcher et al., 2009; Levental et al., 2009 ). More recently, increased matrix stiffness and ECM remodeling were observed in pre-malignant tissue (~350 Pa in pre-malignant tissue versus 150 Pa in normal tissue), and this increase was shown to contribute to malignant transformation in the breast (Levental et al., 2009) . Pronounced changes in ECM homeostasis, which in some respects mimic those that occur in fibrotic diseases, play a crucial role in tumor progression. They occur owing to disruption of the balance between ECM synthesis and secretion, and owing to alterations in the normal levels of matrix-remodeling enzymes such as LOX (Payne et al., 2007) and MMPs (Jodele et al., 2006; Strongin, 2006; Kessenbrock et al., 2010) .
Alterations in matrix-remodeling enzymes
As discussed earlier, LOX cross-links newly synthesized collagen, and its expression and activity are elevated in response to increased collagen deposition. Elevated LOX expression is significantly correlated with metastasis and decreased survival in cancer patients and mouse models of cancer (Erler et al., 2006) , and LOX has been validated as a prognostic marker in patients with head and neck cancer (Le et al., 2007; Le et al., 2009) . Increased LOX activity results in increased ECM stiffness (Levental et al., 2009) , and has been shown to increase the invasiveness of many cancer cell types (Kirschmann et al., 2002; Erler et al., 2006; ). The roles of LOX and LOX-mediated matrix modifications are summarized in Fig. 5 . Although the exact mechanisms by which LOX activity promotes invasiveness remain to be elucidated, they are thought to involve increased cell-matrix adhesion, increased integrin clustering and FAK activation (Payne et al., 2005; Erler et al., 2006) . Integrins are one of the most widely studied families of mechanosensing proteins and are highly implicated in tumor progression (Baker and Zaman, 2010) . Through changing their avidity, conformation, clustering and recruitment, integrins transduce biomechanical cues by modulating intracellular signaling cascades. In particular, the increase in ECM stiffness in and around tumors leads to increased integrin clustering (Paszek et al., 2005) , resulting in enhanced mechanotransduction that consequently promotes cell migration. A detailed discussion of integrins in cancer is beyond the dmm.biologists.org
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Matrix and disease scope of this article (for a recent review, see Desgrosellier and Cheresh, 2010) . MMPs degrade the ECM and are involved in promoting the inflammatory response, normal tissue remodeling, wound healing and angiogenesis. However, their expression is often highly upregulated in many solid tumors, and the sustained presence of these proteases (which can be produced by activated stromal cells, infiltrating innate immune cells and cancer cells in the tumor microenvironment), coupled with increased ECM synthesis and secretion, leads to the progressive destruction of normal ECM and its replacement by tumor-derived ECM. This degradation and the resulting new microenvironmental cues stimulate proliferation and apoptotic mechanisms, which are thought to lead to the selection of apoptosis-resistant tumor cells with enhanced invasive potential (Sethi et al., 1999; Coussens and Werb, 2001; Mitsiades et al., 2001 ). More recently, however, MMPs have been shown to regulate not only ECM turnover, but also cell signaling pathways controlling cell growth, inflammation and angiogenesis. They might also act in a non-proteolytic manner through various noncatalytic domains (Dufour et al., 2008; Glasheen et al., 2009; Sakamoto and Seiki, 2009 ) (for a review, see Kessenbrock et al., 2010) . This is of particular importance because MMP expression and activity levels are elevated in cells resident within the tumor environment. MMP1 (also known as collagenase-1) degrades collagen IV and its expression is increased in highly metastatic cancer cells (Morikawa et al., 1988; Chakraborti et al., 2003) . Similarly, overexpression of MMP2 has been shown in transformed mammary epithelial cells, whereas overexpression of MMP3, MMP11, MMP12 and MMP13 has been demonstrated in tumor stroma (Butcher et al., 2009) . Polymorphisms in the human MMP3 promoter that increase its expression have been clinically associated with an increased tumor incidence, highlighting the important nature of MMPs in cancer (Biondi et al., 2000) . Consistent with this, transgenic mice overexpressing MMP3 exhibit increased desmoplasia (the growth of fibrous or connective tissue), display abnormal and defective branching of the mammary epithelium, and develop tumors with genetic abnormalities (Sternlicht et al., 1999) . MMP degradation of the ECM not only facilitates cell movement but also generates numerous bioactive cleaved peptides and releases growth factors and chemokines that are contained within the ECM (Egeblad and Werb, 2002) .
Alterations in the biochemical and biomechanical properties of the ECM
The majority of increased tumor and adjacent tissue stiffness occurs as a result of increased ECM deposition. Type I collagen and fibronectin are the most common and abundant ECM components deposited in cancer (Provenzano et al., 2008) as a result of desmoplasia. This results in a pervasive dense fibrous tissue that typically surrounds the tumor, increasing local tissue stiffness. This is generally only associated with malignant tumors and is rarely observed in benign tumors (Butcher et al., 2009) . The mechanisms and key players implicated in tumor-associated fibrosis are much the same as those involved in pathological fibrosis. For example, CCL2, CXCR4, CCR2, CCR7, TGF, CTGF and IL-6 have all been reported to play a role in tumor progression and its associated fibrosis (Ben-Baruch, 2006; Stover et al., 2007; Massague, 2008; Aggarwal and Gehlot, 2009; Bennewith et al., 2009) . Other ECM proteins, such as fibronectin, tenascin, decorin, fibromodulin, SPARC, lumican and osteopontin, have also been shown to be involved in tumor development, modifying both biochemical and biomechanical properties of the tumor ECM; the precise roles of these proteins in tumor progression are currently under investigation (Oldberg et al., 2007; Hynes, 2009; Klotzsch et al., 2009; Arnold et al., 2010) .
Remodeling of the BM is also commonly associated with cancer and, moreover, with malignant progression and metastatic dissemination. Disruption of the BM abrogates apicobasal polarity and also allows tumor cells to escape the primary tumor. Remodeling of fibrillar collagens surrounding the tumor is also observed and associated with metastatic progression (Fig. 3) . The linearization and reorientation of collagen fibers surrounding cells at the invasive front of the tumor is a classic example of malignant transformation (Levental et al., 2009) and metastatic dissemination (Provenzano et al., 2006) , and transformed mammary epithelial cells are often found on bundles of linear collagen fibers adjacent to blood vessels (Ingman et al., 2006) . Consistent with this, intravital imaging has shown that tumor cells can travel along these realigned collagen fibers to facilitate invasion through tissue and intravasation into the bloodstream ).
The ECM and metastasis
As discussed, changes in the tumor microenvironment through remodeling of the ECM are important for metastatic dissemination. Specifically, the breakdown of normal ECM and its replacement with tumor ECM in the microenvironment leads to altered physiological cues that act as key drivers for malignant progression. We discussed above the role of the ECM in driving tumor progression at the primary site; more recently, primary-tumor-mediated ECM remodeling has been implicated in the systemic appropriation of future sites of metastasis -so-called pre-metastatic niches.
We recently demonstrated a crucial role for tumor-secreted LOX and matrix remodeling in pre-metastatic niche formation . We showed that tumor-driven ECM remodeling and matrix stiffening at sites distant from the primary tumor is LOX dependent and acts to recruit bone-marrow-derived cells (BMDCs), and also to facilitate tumor cell colonization and growth. Concomitantly, matrix stiffening either enzymatically (with LOX) or chemically (through glycation) increases invasiveness of myeloid (CD11b + ) precursor BMDCs and increases MMP activity in vitro .
Another ECM component, fibronectin, plays an important role in the formation of the pre-metastatic niche. At 3 days following orthotopic tumor implant, increased pulmonary fibroblast fibronectin expression (Kaplan et al., 2005) and increased tumor-secreted deposition of fibronectin ) are observed in metastatic target organs, indicating that at least some of the fibronectin observed in pre-metastatic niches comes directly from the tumors. The aforementioned aggregates of BMDCs [many of which express the fibronectin receptor VLA-4 (also known as a41)] are also found adjacent to regions of elevated fibronectin, suggesting a potential mechanism for their site-specific recruitment and role in premetastatic niche formation.
Although metastasis has traditionally been described as the autonomous spread of renegade cells throughout the body, it is now becoming clear that this is no longer the case. It is clear that ECM remodeling is crucial for facilitating primary tumor escape, but it is now also apparent that the successful colonization of secondary sites of metastasis relies in part on the correct appropriation of local environments through ECM remodeling, which results in the creation of niches that are permissive to tumor cell colonization and outgrowth.
The possibility that tumor cells can achieve this appropriation systemically before they arrive at the site further highlights the therapeutic potential of targeting ECM remodeling to prevent the metastatic dissemination of solid tumors.
Targeting the ECM: clinical significance
The dysregulation of ECM homeostasis is a common driving factor in both fibrotic diseases and cancer. In line with this, the manifestations of these diseases can overlap: organ fibrosis has been shown to drive malignant transformation, and cancer-associated fibrosis and desmoplasia are implicated in primary tumor growth and metastatic dissemination. It has long been known, for example, that there is a clear clinical correlation between breast tissue density and cancer risk (Wolfe, 1976b; Wolfe, 1976a; Boyd et al., 2002; Boyd et al., 2007) . However, although there are numerous treatments available to treat cancer, there are currently no approved treatments that directly target the mechanisms of fibrosis. Given that the ECM plays a pivotal role in the progression of both types of disease, we discuss below the potential of the ECM as a therapeutic target.
The targeting of ECM-remodeling-enzymes to prevent the changes in ECM homeostasis that promote disease progression has received much interest in terms of developing antifibrotic therapies and is now becoming an increasingly attractive therapeutic approach for preventing cancer progression. However, this strategy is not straightforward: for example, early attempts to treat hypertrophic fibrotic scarring and keloidal scars focused on targeting collagen cross-linking with -aminopropionitrile (BAPN; an inhibitor of LOX). Although this therapy effectively reduced collagen cross-linking and scarring when applied topically, clinical trials were halted owing to toxicity of the drugs, and there has been limited progress since. However, targeting LOX activity has shown more promise in treating cancer: inhibition of LOX was shown to reduce primary tumor growth and mechanotransduction in the mammary epithelium (Levental et al., 2009) . Furthermore, LOX inhibition prevents the formation of invasive branching structures in collagen in vitro, the invasion of tumors in vivo, and abrogates BMDC recruitment and the establishment of metastases in vivo. It also destabilizes already-formed metastases by reducing their growth, prevents further metastases and increases host survival (Erler et al., 2006; . Although this suggests that the tumor progression in these models directly depends on LOX and its effects on ECM properties, the exact mechanism by which LOX inhibition is protective remains unknown and is currently being investigated. Nevertheless, these data support the idea that antagonizing matrix modifications, and cross-linking in particular, is a promising cancer prevention strategy. Indeed, LOX seems an excellent therapeutic target and inhibitors are now in development for use in the clinic. The potential of targeting LOX and LOX-mediated matrix modifications in cancer treatment is schematized in Fig. 5 .
Other strategies to target the ECM in cancer have been less successful. For example, although there is substantial evidence that MMPs play multiple roles in metastasis, clinical trials of MMP inhibitors have failed to show significant efficacy, because they failed to increase survival rates in patients (Coussens et al., 2002) , prompting a re-examination of MMP function and its complex roles. The poor success of MMP inhibitors has largely been due to unexpected toxicity of the drugs on normal tissues, conflicting roles in both promoting and reducing metastatic dissemination, and a lack of robust preclinical models to reliably interrogate the efficacy of MMP inhibitors. In addition, most MMP inhibitors are nonspecific, targeting multiple MMPs, and, more importantly, MMPs are implicated in a wide variety of functions that are both pro-and anti-tumorigenic. Finally, there is thought to be functional redundancy between MMP family members, meaning that a combination of precisely administered inhibitors might be required for clinical efficacy. Although a new generation of highly specific MMP inhibitors, and inhibitors of other matrix-modifying proteases, hold promise (Mack and Marshall, 2010) , targeting the specific enzymes involved in ECM remodeling while avoiding unwanted side effects is an ongoing challenge.
Although LOX is an encouraging therapeutic target for fibrotic diseases and cancer, lessons from the clinic have taught us that targeting a single molecule in a disease network can result in 'network compensation' and subsequent drug resistance. In the case of cancer, the 3D tumor microenvironment contains many overlapping mechanisms that help to maintain its functional disorder. Therefore, there is a need to better understand the position of key individual and collective players within cellular networks, how these nodes respond to the dynamics of the network and, more importantly, how microenvironmental cues modulate these networks. Such studies can only be done through extensive, multi-disciplinary collaborative modeling of disease, yet will ultimately provide insight regarding the most promising strategies for drug combinations and the timing of treatments (Pawson and Linding, 2008; Erler and Linding, 2010) . A greater understanding of how microenvironmental cues drive tumorigenesis will pave the way to developing therapies that target both a tumor and its microenvironment. Key examples of research that suggest that this approach will be beneficial are that involving hepatocarcinoma, in which targeting the underlying liver fibrosis can increase efficacy of chemotherapy (Friedman et al., 2000) , breast cancer, in which fibrotic breast disease predisposes individuals to cancer (Jacobs et al., 1999) , and situations in which environmentally induced lung fibrosis can increase the incidence of lung cancer (Mossman and Churg, 1998) .
Conclusion
Tightly controlled ECM homeostasis is crucial for regulating many essential cellular processes, allowing for correct organism development, wound healing and normal tissue homeostasis. When this homeostasis is perturbed, an aberrant ECM can contribute to pathological conditions, including fibrotic disease, tumor progression and metastasis (as discussed in this Perspective). The pathological conditions caused by aberrant ECM changes are responsible for millions of deaths worldwide, and present a challenging obstacle with respect to clinical treatment. Investigating the processes underlying perturbation of homeostasis, the consequential changes in biochemical and biomechanical ECM properties, and the resulting nature of altered cell-ECM interactions will allow us to identify therapeutic targets for clinical benefit across multiple diseases. Among the challenges is to identify effective ways to spatially and temporally monitor these events in a noninvasive and quantitative manner. The hope is that monitoring and therapeutically targeting the abnormalities in the ECM and cell-ECM interactions that are associated with pathological conditions will soon become standard clinical practice.
Given that evidence implicating the ECM in disease progression is rapidly accumulating, new therapies are continuously entering preclinical and clinical trials. Studies across multiple disease types, particularly cancer, are aiming to target various factors that regulate dmm.biologists.org ECM homeostasis; several of these factors have shown promise, including the previously mentioned collagen cross-linker LOX (Erler et al., 2006; Le et al., 2007; Le et al., 2009; Levental et al., 2009) , the MMP inhibitor Marimastat (Goffin et al., 2005; Rosenbaum et al., 2005) , anti-tenascin-C therapies (Hicke et al., 2006; Reardon et al., 2008) and anti uPA/uPAR (Berkenblit et al., 2005) , among others. Such studies continue to unravel the commonalities between diseases involving the ECM, including fibrosis and cancer; identifying these commonalities will not only help to develop novel therapeutics, but will also increase our understanding of the underlying pathological mechanisms. As we move forward, we must always be aware that tissues and organs are made up of both cells and surrounding ECM. Furthermore, we must recognize that conditions such as cancer and fibrotic diseases are complex tissue diseases in which all of these components should ideally be studied simultaneously.
